We studied the influence of agitation by ultrasonic vibration on pore formation and growth during the unidirectional solidification of watercarbon dioxide solution. The agitation of liquid affects the pore formation and growth, and the morphology of pores formed during solidification depends on the magnitude of agitation; the agitation of liquid during unidirectional solidification shortens the length of cylindrical pores in lotus metals. This is because the agitation decreases the concentration of carbon dioxide near the solid-liquid interface.
Introduction
For some of metals, the solubility of a gas in solid is usually much less than that in liquid. When these metals are melted and solidified in the gas atmosphere, the gas dissolved in liquid is partially rejected at the solid-liquid interface. The gas concentration at the interface increases with solidification. When the concentration reaches a critical value, gas pores nucleate and grow with absorbing the gas in the surrounding liquid. When the metals solidify unidirectionally, gas pores grow along the solidification direction. Thus, aligned cylindrical pores are formed in solid. On the basis of this principle, Nakajima et al. have systematically investigated to fabricate various kinds of lotus-type porous metals (lotus metals) possessing cylindrical pores aligned in one direction. [1] [2] [3] [4] Owing to the unique porous structure, the mechanical properties of lotus metals are superior compared with conventional porous metals fabricated by sintering or foaming, etc; specific strengths in the direction parallel to the longitudinal axis of pores are almost constant despite the presence of pores. Therefore, lotus metals are expected to be used not only as functional materials but also as structural materials possessing various unique functions.
Yamamura et al., 5) Hyun and Nakajima 6) have studied dominant factors for pore morphology (porosity and pore diameter) of lotus metals, and have revealed that the porosity mainly depends on the gas pressure of the atmosphere during solidification and pore diameter depends on the moving rate of the solid-liquid interface and the gas pressure. It is to be noted that the transport of gas atoms in liquid affect the pore formation and growth in lotus metals, and the transport is affected by the agitation of liquid caused by convection or disturbance. One can estimate that not only the gas pressure and growth rate but also the agitation of the liquid affects the pore morphology of lotus metals. However, the influence of the agitation on pore morphology has not been studied yet.
In the present study, we studied the influence of the agitation of liquid on pore formation and growth during unidirectional solidification. In situ observation during solidification is useful to study the pore formation and growth.
For metals, however, such observation is difficult, because pores are formed inside metals. Thus, model experiments were widely carried out using water-gas systems; the nucleation and growth of gas pores were directly observed in the curse of solidification. [7] [8] [9] [10] [11] [12] [13] Also in this work, we adapted a water-carbon dioxide model system with solubility gap of carbon dioxide between liquid and solid for direct observation. The pore formation and growth with the solution agitated by ultrasonic vibration were observed, and the influence of the agitation on pore morphology was examined. Figure 1 shows a schematic illustration of an equipment for direct observation of pore growth during unidirectional solidification of water-carbon dioxide solution under ultrasonic vibration.
Experimental
7) The glass cell is 35 mm in width and 150 mm in height, and the thickness of the space of the glass cell is about 160 mm. The glass cell is filled up with watercarbon dioxide solution saturated with carbon dioxide; the water-carbon dioxide solution is prepared by dissolving carbon dioxide in deaerated water at 293 K and at atmospheric pressure. The piezoelectric transducer, attached to the glass cell with an adhesive, excites ultrasonic vibration of 44 kHz in water-carbon dioxide solution; the magnitude (amplitude) of the ultrasonic vibration is proportional to the electrical voltage of alternate current signal applied to the transducer (the energy of vibration is proportional to the square of the amplitude of vibration). In the present study, the amplitude and pattern of the actual vibration are not measured, and therefore, the actual energy and direction of the vibration can not be estimated. However, it is estimated that longitudinal vibration mainly is transmitted to water because transverse vibration can not transmit in water. The solution in the glass cell solidifies unidirectionally upwards by moving the glass cell down into an alcohol bath cooled at 253 K with a chiller. The moving velocity of the cell was set as 3.0 mm/s.
Pore formation and growth under the agitation by ultrasonic vibration were observed as follows. First, the glass cell was moved downward at a constant velocity for the growth of cylindrical pores under the condition that no ultrasonic vibration is applied. Then, a photomicrograph of formed pores was taken with a digital microscope. Just after the photography, the application of ultrasonic vibration to the glass cell was started. After several hundred seconds, photomicrographs of pores disturbed by ultrasonic vibration were taken.
Results
When a glass cell filled up with water-carbon dioxide solution is moved into a chilled alcohol bath, the solution solidifies unidirectionally and separates to ice and carbon dioxide; the carbon dioxide is rejected at the solid-liquid interface. Then, the carbon dioxide forms pores and the pores grow in th moving direction of the glass cell. ducer is 40 V p-p . The application of ultrasonic vibration to the glass cell was started just after the photography of Fig. 3(a) . After 960 and 1500 seconds, the photomicrographs of Figs. 3(b) and (c) were taken, respectively. The lower pores in Fig. 3(b) are formed when no ultrasonic vibration is applied, and the upper pores are formed under the agitation by ultrasonic vibration. The application of ultrasonic vibration results in the halt of pore growth. This trend is consistent with that obserbed in Fig. 2(b) . All the pores in Fig. 3(c) are formed under ultrasonic vibration. Spherical pores are formed under this magnitude of ultrasonic vibrarion. Figure 4 (a) shows a morphology of pores where no ultrasonic vibration is applied. Cylindrical pores grow in the growing direction of ice. Figures 4(b) and (c) show morphologies of pores formed during unidirectional solidification under ultrasonic vibration; electric voltage applied to the piezoelectric transducer is 60 V p-p . The application of ultrasonic vibration to the glass cell was started just after the photography of Fig. 3(a) . After 645 and 1290 seconds, the photomicrographs of Figs. 4(b) and (c) were taken, respectively. Spherical pores are formed under this magnitude of ultrasonic vibrarion.
Discussion
Murakami and Nakajima 7) have suggested the condition for the steady-state and nonsteady-state growth of cylindrical pores. During unidirectional solidification, pores of carbon dioxide nucleate when the concentration of carbon dioxide at the solidification front reaches a critical value. The nucleated pores grow unidirectionally by absorbing the carbon dioxide rejected at the solid-liquid interface with advance in solidification. When the amount of carbon dioxide absorbed by pores is balanced with the amount of carbon dioxide supplied with advance in solidification, the steady-state growth of pores is achieved and cylindrical pores are formed. On the other hand, the insufficient supply of carbon dioxide prevents the steady-state growth of pores and results in the halt of pore growth. Thus, the sufficient supply of carbon dioxide is important for the steady-state growth of cylindrical pores.
The supply quantity of carbon dioxide depends on the concentration profile of carbon dioxide in the liquid near the solid-liquid interface. When the convection of liquid exists during solidification of binary solution, the concentration profile of solute in the front of the interface can be modeled by using the stagnant layer model. 14, 15) Also in the present study, we applied the stagnant layer model to discuss the influence of agitation. Figure 5 during unidirectional solidification under agitation. For x < , liquid is agitated and thus the solute concentration is constant. For x > , liquid is not agitated owing to the viscosity of liquid, and in this layer the mass transport is by diffusion only. The magnitude of decreases with increase in the magnitude of agitation, i.e., the solute concentration near the solid-liquid interface decreases with increase in the magnitude of agitation. When ultrasonic vibration is applied to water-carbon dioxide solution, the concentration of carbon dioxide near the solid-liquid interface decreases. Thus, the supply of carbon dioxide becomes insufficient for the steady-state growth of cylindrical pores and the growth of pores stops as shown in Figs. 2(b) and 3(b) . During the halt of pore growth, the solute concentration increases with solidification because carbon dioxide rejected with advance in solidification is not used for the growth of pores. Then, the concentration of carbon dioxide reaches a critical value and pores nucleate. Just after the nucleation, the pores grow by absorbing the carbon dioxide accumulated during the halt. Thus, the diameter of pores at the start of growth is large. However, the carbon dioxide supplied with advance in solidification is not sufficient to maintain the initial diameter of pores owing to the decrease of carbon dioxide near the solid-liquid interface by ultrasonic agitation. Thus, the diameter of pores decreases with advance in solidification and the flask-shaped pores are formed as shown in Fig. 2(b) . The amount of carbon dioxide supplied with advance in solidification, which depends on the magnitude of agitation, provides the difference of pore shape. Here, in the present study the diameter of pores is much larger than the thickness of the space of the glass cell. Therefore, the pores contact with the glass cell. Thus, the vibration is transmitted to not only liquid but also the pores. The vibration applied to the pores probably affects the morphology of the pores owing to the change of wetting behavior between pores and the glass cell. However, the intermittent pore growth can not be explained only on the basis of the vibration applied to pores. This study suggests that the amount of carbon dioxide in the liquid near solid-liquid interface is important for the steady-state growth of cylindrical pores. The agitation of liquid during unidirectional solidification shortens the length of cylindrical pores in lotus metals.
Conclusions
We studied the influence of agitation on pore formation and growth during the unidirectional solidification of watercarbon dioxide solution, and obtained the following conclusions.
(1) The agitation of liquid affects the pore formation and growth, and the morphology of pores formed during solidification depends on the magnitude of agitation. (2) The agitation of liquid during unidirectional solidification shortens the length of cylindrical pores in lotus metals.
